Abstract. We perform a case study of a favorable conjunction of an overpass of the Oersted satellite with the field-ofview of the SuperDARN Syowa East radar during an interval of the southward IMF B z . At the time, the radar observed an L-shell aligned boundary in the spectral width around the dayside ionosphere. Simultaneously, high-frequency (0.2-5 Hz) magnetic field fluctuations were observed by the Oersted satellite's high-time resolution magnetometer. These magnetic field fluctuations are considered to be Alfvén waves possibly associated with the particle which precipitates into the dayside high-latitude ionosphere when magnetic reconnection occurs. It has been theoretically predicted that the time-varying electric field is the dominant physical process to expand the broad HF radar Doppler spectra. Our observation clearly demonstrates that the boundary between narrow and broad spectral widths is corresponding well to the boundary in the level of the fluctuations, which supports the previous theoretical prediction. A close relationship between electric and magnetic field fluctuations and particle precipitations during southward IMF conditions has been confirmed by many authors. The present observation allows us to suggest that the boundary between narrow and broad Doppler spectral widths observed in the dayside ionosphere is connected with the signature of the open/closed field line boundary, such as the cusp particle precipitations via electric and magnetic field fluctuations for the case of the negative IMF B z conditions.
Introduction
The HF coherent scatter radars of the Super Dual Auroral Radar Network (SuperDARN, Greenwald et al., 1995) 
often
Correspondence to: K. Hosokawa (hosokawa@ice.uec.ac.jp) observe broad, complex Doppler spectra within the dayside and nightside high-latitude ionosphere. Baker et al. (1995) pointed out that the dayside polar cusp, as defined by lowaltitude satellite particle precipitation data (e.g. Newell and Meng, 1991) , is characterized by these broad and complex Doppler spectra in the coherent HF radar observations. They also showed that regions equatorward of the cusp are usually found to have narrow Doppler spectra dominated by a single component. The equatorward edge of these HF radar backscatters with broad spectra appears to correspond closely to the equatorward edge of the red line (630 nm) aurora during the period of negative IMF B z Milan et al., 1999; Moen et al., 2001 ). These observational facts enable recent studies to use the boundary between narrow and broad Doppler spectral widths (hereinafter referred to as spectral width boundary: SWB) as a proxy for the open/closed field line boundary within the dayside ionosphere. This relationship has been widely employed to estimate several geophysical parameters, such as (1) reconnection electric field (Baker et al., 1997; Pinnock et al., 1999) ; (2) the form and size of the polar cap (Chisham et al., 2001; Milan et al., 2003) ; (3) the creation and destruction rate of open magnetic flux associated with the dayside and nightside reconnection (Hosokawa et al., 2003) . However, our knowledge about the origin of the HF radar broad Doppler spectra is still not sufficient.
In general, these broad spectra could be related to both temporal variability of the convection electric field and spatial variation of the plasma convection within a single radar range cell. André et al. (1999 André et al. ( , 2000a André et al. ( , 2000b theoretically modeled the impact of various kinds of physical processes on the width of the HF radar Doppler spectra. They concluded that the broad spectral widths observed in the dayside highlatitude ionosphere result predominantly from a time-varying electric field in the Pc1-2 frequency range, whereas the other factors, such as the velocity shears within the radar cells and microscale turbulence, also make additional contributions. The fluctuating electric field employed in their modeling and the accompanying magnetic field fluctuations are continu-ously observed in the vast area of the dayside high-latitude region by low-altitude (e.g. Maynard et al., 1982; Maynard, 1985; Maynard et al., 1991; Erlandson and Anderson, 1996) and polar-orbiting (e.g. Matsuoka et al., 1991; 1993) satellites. However, a one-to-one relationship between the HF radar broad spectral width and the electric and magnetic field fluctuations has not been confirmed by substantial observations. In this study, we have investigated high-resolution magnetic field observations from the Oersted satellite, in conjunction with the broad spectral width as observed by the SuperDARN Syowa East radar in Antarctica. Consequently, we have found a very close relationship between the broad spectral width and the magnetic field fluctuations within the dayside ionosphere during an interval of negative IMF B z .
Instrumentation
This paper presents a single event of the SWB observation from the SENSU (Syowa-East radar of Syowa-South & East HF Radars of NIPR for SuperDARN) Syowa East radar in Antarctica (69.01 • S; 39.61 • E). The radar is part of the SuperDARN, which covers a vast portion of the northern and southern auroral zones and polar cap. On the day presented in this paper (22 January 2000), the radar was operating in a normal scan mode. In the current version of this scan mode the radars carry out azimuthal sweeps through discrete beam pointing directions that are numbered 0-15, with a step in azimuth of approximately 3.33 • . It takes approximately 7 s to integrate backscatter returns in one direction and about 2 min are needed to do a scan of all directions. In SENSU radars, 70 range gates are sampled for each beam with a pulse length of 300 µs, which is equivalent to a gate length of 45 km, and a lag to the first gate of 1200 µs (180 km). In this configuration the maximum range of the radars is approximately 3550 km. Hence, the radar field-of-view in each scan contains 1120 cells (70 ranges × 16 beams). A seven pulse scheme is transmitted and an analysis of the autocorrelation function (ACF) of the returned signals (FITACF; see Baker et al., 1988 and Villain et al.,1987) yields backscatter power, Doppler velocity and spectral width.
The Oersted satellite was launched on 23 February 1999 into a polar orbit whose inclination is 96.5 • . The ascending node was initially located at 14:11 LT. The orbital plane drifts at a rate of −0.88 min per day. The initial perigee and apogee were 638 km and 849 km, respectively. The orbital period is about 100 min. The magnetometer data used in this analysis are the radial (r), southward (θ ), and eastward (φ) components sampled at every 39.25 ms (approximately 25 Hz). The original data are described in the geographic coordinates and the data used in this analysis are transformed into the geomagnetic dipole coordinates. The residuals ( B r , B θ and B φ ) from the geomagnetic main field were calculated by using the Oersted (10c/99) model. The Oersted (10c/99) model is a geomagnetic main field model which consists of the OIFM (the Oersted initial field model, Olsen et al., 2000) and secular variation.
Observations
The top four panels of Fig. 1 show the variation in the IMF B x , B y , B z and solar wind dynamic pressure monitored by ACE spacecraft located upstream of the Earth's magnetosphere (X GSM =239.79, Y GSM =14.70, Z GSM =18.98). An approximate solar wind velocity of 380 km s −1 , measured by the spacecraft, gives a delay of 74 minutes between the observation of IMF features and their incidence on the Earth's magnetopause (calculation is based on the method outlined by Khan and Cowley, 1999) . The IMF B z component was predominantly negative for the entire interval, except for a brief positive excursion at 06:32 and 06:50 UT.
The bottom two panels present the spectral width and line-of-sight Doppler velocity observed along beam 5 of the SENSU Syowa East radar from 05:30 to 07:30 UT on 22 January 2000, where only backscatters from the ionospheric irregularities are shown (i.e. echoes regarded as ground scatter have been eliminated). The spectral width is colour coded with blue representing the narrowest spectral widths and red indicating the widest. The line-of-sight velocity is also colour coded with green/blue indicating the velocity toward the radar, and yellow/red indicating the velocity away from the radar. A vertical dashed line indicates the time when the Oersted satellite traversed the radar field-of-view at 06:22 UT. During the interval of the Oersted overpass, the broad spectral width region at higher latitude (characterized by a mixture of the colours such as yellow and red) is clearly distinct from the narrow spectral width region at lower latitude (characterized by an almost uniform blue appearance), and a well-defined SWB can be identified.
Figure 2 displays a map of the spectral width (top) and line-of-sight Doppler velocity (bottom) at 06:22 UT in a magnetic latitude and local time coordinate system (AACGM geomagnetic coordinate system based on Baker and Wing, 1989) , as observed by all of the beams of the SENSU Syowa East radar. Overlaid are the footprints of the Oersted spacecraft mapped down to the altitude of the SuperDARN observations (assumed to be 400 km in this case) using the Tsyganenko 96 model (Tsyganenko, 1995) . SWB is observed in the dawn meridian between 06:20 and 08:20 MLT, and it clearly exhibits an L-shell aligned structure. A dashed line traces the approximate position of the SWB, with the magnetic latitude being approximately 71.5 • . The line-ofsight velocity also changed drastically across the SWB. On the poleward side of the SWB, velocity is 500-750 m s −1 away from the radar. On the other side of the SWB (equatorward side), the velocity is very small (≈100 m s −1 ), suggesting that the convective flow is directed mostly zonal. The spacecraft is flying from a high-latitude region to the lowlatitude and crosses the SWB at 06:22 UT (magnetic local time ≈07:45 MLT). In the next part of this section, we compare the magnetic field data obtained from Oersted and structure of the SWB for the interval of the approach of the satellite to the SWB.
The top three panels of Fig. 3 show three components of high-time resolution magnetic field observations from the Oersted spacecraft around the crossing of the SWB (from 06:17 to 06:26 UT). Grey-shaded bars at the bottom of each panel display the standard deviation of the variation calculated for every 2 seconds in duration (i.e. 50 samples). The vertical dashed line indicates the time when Oersted crosses the SWB. It is found that the fluctuating magnetic field is observed before the crossing of the SWB. These fluctuations suddenly cease just after the SWB crossing. This sudden change is most clearly seen in the variation of the standard deviation. Fluctuations are observed in all components, however, they are more prominent in θ (north-south) and φ (eastwest) components rather than that in the r (radial) component. The other item worth noting is that the level of fluctuations are also low in the highest latitude part of the Oersted track. Since there exists a data gap from 06:18:50 UT to 06:19:32 UT, we cannot exactly determine when the fluctuation started to be observed. However, large amplitude fluctuating magnetic fields are not seen in the magnetic latitude above 80 • . This characteristics is consistent with the past observations of the fluctuating electric field (e.g. Maynard et al., 1991; Matsuoka et al., 1993) .
Another point is that the magnetic field fluctuations and large-scale field-aligned current structure seem to have a relationship. A large, positive variation is identified in the east-west component around the SWB, which suggests that a large-scale field-aligned current pair exists near the boundary of the fluctuation and spectral width. The changes in B θ are small compared with those in B φ , indicating that the current sheet is nearly parallel to the L-shell. The bottom panel of Fig. 3 displays a time series of field-aligned current (FAC) density calculated from the transverse magnetic field disturbance for every 5 seconds. On the poleward side of the SWB, the direction of the FAC is mostly downward. In contrast, upward FAC dominates the region equatorward of the SWB. This set of downward and upward FACs is consistent with the cusp FAC system established during negative IMF B z and positive IMF B y conditions (e.g. Trondsen et al., 1999) . Magnetic latitude of the boundary between the two FAC current sheets is almost equal to that of the SWB, suggesting that the SWB is related to the open/closed field line boundary (Lyatsky et al., 1974; Trondsen et al., 1999) . The magnitude of the FAC density is up to 5 × 10 −6 A m −2 .
In order to clarify the dominant frequency band of the fluctuations seen in the Oersted observation, dynamic spectra of the B θ component in the frequency range between 0.2 Hz and 5 Hz are displayed in the bottom panel of Fig. 4 , where the Fourier transform interval is 10.08 seconds (corresponding to 256 samples). An expanded plot of the B θ component around the SWB (1-minute interval from 06:21:30 to 06:22:30 UT) is also presented in the top panel of Fig. 4 for comparison. Vertical dashed line in each panel gives the time when the satellite traverses the SWB. It is again clearly found in the top panel that the fluctuation suddenly terminates when the satellite crosses the SWB. The equatorward boundary of the fluctuation is considerably sharp, which is consistent with the previous observations (e.g. Maynard et al., 1991) . Spectral characteristics of these fluctuations have no distinct frequency peak and tend to be broad-band, however, the contribution becomes smaller as the frequency increases. This feature is basically in good agreement with the previous studies of the fluctuating electric field within the cusp (e.g. Maynard et al., 1985) .
Discussion
Intense electric and magnetic field fluctuations in the Pc1 frequency range have been observed over the dayside cusp by low-altitude, polar-orbiting satellites (Sugiura et al., 1982; Maynard et al., 1982; Maynard, 1985; Maynard et al., 1991; Matsuoka et al., 1991; Ishii et al., 1992; Matsuoka et al., 1993; Erlandson and Anderson, 1996) . These previous observations indicate that the orthogonal components of the magnetic and electric field perturbations are highly correlated. The present observation demonstrated that a highly fluctuating magnetic field is observed in the vicinity of the broad spectral width region. In paricular, the equatorward boundary of the fluctuation is closely corresponding to the SWB in the radar observations, suggesting that the HF radar broad spectral width is associated with the same kind of fluctuations in the electric field. However, a theoretical explanation for the relationship between fluctuations in the electric and magnetic fields must be needed because no substantial electric field observation was available during the interval of this study. In general, electromagnetic waves whose wave vector k is parallel to the electric field do not have an oscillating component in the magnetic field (electrostatic waves). On the other hand, the electric field component does not vanish, even if the wave vector k is parallel to the magnetic field. This is due to the fact that the magnetic field can be generated from two sources, i.e. electric current and time-varying electric field. Hence, waves that have an oscillating component only in the magnetic field one cannot exist in the terrestrial plasma medium, which indicates that time-varying electric field must exist in the region of the magnetic field fluctuation and the broad spectral width during the present interval.
The other important issue to be discussed is that the level of magnetic field fluctuation is also low in the magnetic latitudes above 80 • . Hosokawa et al. (2002) carried out a statistical analysis of the HF radar spectral width and reported that the spectral width is small above 80 • magnetic latitude. McWilliams et al. (2001a) investigated poleward moving pulsed ionospheric flows (PIFs) in the HF radar data and pointed out that the spectral widths are relatively high at the equatorward edge of the PIFs, but decrease with increasing latitude. Milan et al. (2002) analyzed HF radar polar patches and clearly showed that the spectral width within the patch becomes considerably narrow as it moves poleward. The nature of the fluctuating magnetic field observed in the present study is in good agreement with the low spectral widths at the highest part of the HF radar observation commonly identified in the previous studies.
Origin of these fluctuating fields is still under considerable debate. Three models for the generation of these fluctu- ations have been put forward. At first, we consider the possibility that FAC itself produces the magnetic field fluctuations via high-frequency electrostatic instability in the topside ionosphere. Pilipenko et al. (1999) reported that densities of FAC ≈10 −5 -10 −6 A m −2 are sufficient for the excitation of Bunemann, ion-acoustic, or ion cyclotron instabilities. If we follow the theoretical estimation by Pilipenko et al. (1999) , maximum FAC density shown in the bottom panel of Fig. 3 is large enough to produce the magnetic field fluctuations. However, there is not always a one-to-one clear correlation between FAC magnitude and the level of the fluctuations throughout the interval. In addition, magnetic field fluctuations are actually observed when the FAC density does not exceed the threshold for the instabilities (10 −6 A m −2 ). Therefore, this process is not a primary generation mechanism of the fluctuations during the present interval, although a fraction of the fluctuations could be due to the coupling with large-scale FAC.
The second model assumes that the fluctuations are observed due to the orbital motion of the satellite through smallscale quasi-static field-aligned current structures embedded in the large-scale field-aligned current (Smiddy et al., 1980; Sugiura et al., 1982; Ishii et al., 1992) . This is a space and time ambiguity in the satellite observation, not an actual wave in the ionosphere. As for the frequency range of 0.6 Hz (one of the dominant frequency bands in Fig. 4) , the spatial scale length of the fluctuations is approximately 11 km. This length is well below the size of radar range cells (≈45 km). These small-scale FACs are capable of producing small-scale vortex structures in the convective flow pattern of the ionosphere plasma. Some previous studies of HF radar spectra have attributed double-peaked spectra to vortices less than the scale size of the radar range cells (Schiffler et al., 1997; Huber and Sofko, 2000) . André et al. (2000a) pointed out that the vortices smaller than the size of the radar range cells could also produce broad and complex Doppler spectra. The third model suggests that disturbances in the distant magnetosphere are transmitted to the ionosphere as Alfvén waves (Lysak and Dum, 1983) . Matsuoka et al. (1993) emphasized from the polar-orbiting satellite EXOS-D measurement that the electric to magnetic field ratios in the frequency range of 0.5-3 Hz agree well with the Alfvén velocity at the observation point. In general, it is difficult to distinguish between temporal and spatial variations in the satellite observation. However, Ishii et al. (1992) demonstrated that the Alfvén wave model is applicable to variations of scale lengths less than 4.0 s, while the effect of the quasi-static model becomes increasingly dominant for a scale length greater than 8.0 s. Hence, as for the dominant frequency range of the fluctuation as displayed in Fig. 4 , the primary source of the fluctuation is considered to be the downward propagating Alfvén waves.
Next, we consider a relationship among various kinds of observations, such as the fluctuating electric and magnetic fields, precipitating ions and electrons, 630 nm cusp auroral luminosity, ionospheric convection, and HF radar broad spectral width. Maynard et al. (1982) have mentioned that the region of highly variable electric fields observed below the 900 km altitude on the dayside high-latitude region is associated with large fluxes of low energy electrons and fieldaligned current structures. Matsuoka et al. (1993) have investigated the correlation between wave activities and the enhancement of the flux of precipitating ions and electrons simultaneously observed by the EXOS-D satellite. They reported that when the latitude of the cusp is low and the IMF is expected to be southward, the correlation coefficient is high, yet when the latitude of the cusp is high and the IMF is expected to be northward, then the correlation is poor. This fact suggests that the waves are observed in association with the injection of particles into the magnetosphere, when the IMF B z is negative and low-latitude reconnection occurs. On the other hand, previous studies have shown that the equatorward edge of the radar backscatter showing a broad Doppler spectral width is coincident with the equatorward edge of the cusp particle precipitation Yeoman et al., 1997) and the 630 nm cusp auroral emissions Milan et al., 1999; Moen et al., 2001 ). However, Moen et al. (2001) pointed out from a comparison of dayside auroral activity and HF radar backscatter that this good relationship breaks down for northward IMF conditions. Before discussing the relationship between the broad spectral width, magnetic field fluctuation, and other signatures of the cusp in detail, we must examine whether or not the region of the broad Doppler spectra actually belongs to the cusp (or footprint of the open-closed field line boundary: OCFLB). At first, we compare the latitude of the SWB with that of the OCFLB estimated from MHD simulation. At the time of the Oersted crossing, IMF B z is ≈−5 nT and solar wind dynamic pressure ≈5 nPa. If we refer to the MHD simulation by Palmroth et al. (2001) , the magnetic latitude of the OCFLB is approximately 74 • at subsolar position. On the other hand, the probable latitude of the SWB was 72 • at the time of the Oersted crossing. There exists an offset between the modeling and the present observation of 2 • . This could be because the observation had been done in the dawn side (≈08 MLT). In general, the equatorward edge of the polar cap (ideally this corresponds to the poleward edge of the auroral oval) is not a circle. Latitudes are slightly different against magnetic local time. If we consider the model of the auroral oval (e.g. Feldstein and Starkov, 1967) , for example, the latitude of the poleward edge of the oval is found to be highest at magnetic local noon. The difference between local noon and dawn side (8 MLT) is approximately 2 • in magnetic latitude. This value is consistent with the offset between Palmroth's modeling and the current observation. Then, the position of the SWB is consistent with that of the OCFLB, on average.
Here, we discuss how the dayside convection pattern relates to the spectral width. At the time of the Oersted crossing of the SWB, IMF B y is directed positive (≈3 nT). This implies that the convection cell is expanded in the dawn side. Then, plasma flow is directed mostly eastward in the cusp region, which is consistent with the observed line-of-sight velocity up to 750 m s −1 away from the radar. The relationship between the convective flow and the radar field-of-view is schematically illustrated in Fig. 5 . In fact, the convection reversal boundary (or signature of the cusp) would be difficult to identify because of the expansion of the dawn side convection cell. As seen in the bottom panel of Fig. 2 , however, the line-of-sight velocity changes drastically across the SWB, and the convection velocity poleward of the SWB is much larger than that equatorward of the boundary. This suggests that the region poleward of the SWB belongs to the regime of open field lines. McWilliams et al. (2001b) have shown that the duskward propagating reconnection site is observed irrespective of the sign of IMF B y . They speculated that the reconnection site propagates azimuthally, both in the prenoon and postnoon sectors. In fact, Milan et al. (2003) have demonstrated that the poleward moving auroral form (ionospheric manifestation of the transient reconnection) can be observed on the dawn side (≈7 MLT) for negative IMF B y conditions. These previous observations imply that the reconnection occurs on a wide range of magnetic local times on the dayside. Hence, it is natural to consider that the SWB in the present observation is located at the footprint of the magnetopause reconnection X-line.
The present observation demonstrated that the HF radar broad Doppler spectral width is closely connected to the time-varying magnetic field. Taking into account previous observations and the results of the present study, we can speculate that the HF radar broad Doppler spectra represents characteristics of cusp particle precipitations and corresponding 630 nm auroral emissions via reconnection-induced electric and magnetic field fluctuations for the case of the southward IMF conditions. To fully resolve this issue, more detailed analysis using data of the electric field, particle precipitation, aurora and HF radar spectral width is necessary.
Summary and conclusion
Doppler spectral width observed by the SuperDARN radars and magnetic field fluctuations observed by the Oersted satellite magnetometer were compared during an interval of negative IMF B z conditions. The radar observed a L-shell aligned spectral width boundary around the dayside ionosphere. Simultaneously, Oersted observed high-frequency (0.2-5 Hz) magnetic field fluctuations. These magnetic field fluctuations are considered to be an Alfvén wave possibly associated with the particles which precipitate into the dayside high-latitude ionosphere when reconnection occurs. It has been theoretically predicted that the time-varying electric field is the dominant physical process to produce the broad radar Doppler spectral width (André et al., 2000b) . Our observation clearly demonstrated that the boundary between narrow and broad spectral widths is corresponding well to the boundary in the level of the fluctuations, which supports the previous theoretical prediction. A close relationship between the electric and magnetic field fluctuations and particle precipitations during southward IMF conditions has been confirmed by many authors. The present observation allows us to suggest that the boundary between narrow and broad Doppler spectral widths observed in the dayside ionosphere is connected with the signature of the open/closed field line boundary, such as the cusp particle precipitations via electric and magnetic field fluctuations for the case of the negative IMF B z conditions.
